We describe the petrography and mineralogy of six CV3 carbonaceous chondrites. LAP02206, LAP02228, LAP04843, and GRA06101 are classified as oxidized Allende-like chondrites (CV3 oxA ). RBT04143 and QUE97186 are classified as members of the reduced subtype (CV3 red ). Chondrules in the CV3 oxA chondrites show extensive FeeMg zoning. Fe-rich olivine in the rims of the CV3 oxA chondrules are 16 O-poor relative to Mg-rich olivine in the cores, suggesting that in addition to Fe and Mg, oxygen was exchanged between chondrules and matrix during weak thermal metamorphism. The CV3 red chondrites appear to have formed through various processes. QUE97186 shows chondrule flattening with a preferred orientation, which is interpreted to have resulted from shock impact at a pressure of w20 GPa. The post-shock residual heat (w1000 C) is likely to be responsible for the restricted Fe/Mg ratios of matrix olivine. Based on the degree of FeeMg homogenization of matrix olivines, we estimate the spatial scale of the shock-heated region to be w1 m. RBT04143 is a breccia containing many clasts of two types of lithologies: reduced-type material and very weakly altered material.
Introduction
Carbonaceous chondrites are amongst the most primitive materials in the Solar System. These undifferentiated meteorites are the best samples to study the origins and evolution of solid particles that were present in the proto-planetary disk prior to the formation of planetary bodies. CV3 carbonaceous chondrites are classified into the following three subtypes on the basis of criteria such as matrix/chondrule ratios, metal/magnetite ratios, Fa content of olivine, and the abundance of phyllosilicates: oxidized Allende-like (CV3 oxA ), oxidized Bali-like (CV3 oxB ) and reduced (CV3 red ) (McSween, 1977; Weisberg et al., 1997) . Most CV3 carbonaceous chondrites have escaped intensive alteration in their parent asteroids, but have experienced low and variable degrees of secondary processing (e.g., Krot et al., 1995 Krot et al., , 1998a Krot et al., , 1998b Krot et al., , 2004 McSween, 1977; Weisberg et al., 1997) . CV3 oxB chondrites contain abundant phyllosilicates and can be classified as CV2. CV3 oxA chondrites have experienced extensive hydrothermal alteration followed by thermal metamorphism. Therefore, mineralogically and chemically, CV3 red chondrites represent the most primitive and pristine material. CV3 red chondrites experienced less alteration than oxidized CV3 chondrites, but in some cases were metamorphosed more extensively than CV3 oxB chondrites. For this reason, it can be anticipated that primitive dust from the CVchondrite forming region in the proto-planetary disk will be best preserved in CV3 red chondrites.
In the initial stages of this study, we examined 16 CV3 carbonaceous chondrites: Vigarano, A880835, A881317, Y86009, ALH85006, MET00430, MET01074, Y86751, GRO95652, MCY05219, LAP02206, LAP02228, LAP04843, QUE97186, RBT04143, and GRA06101. Polished thin sections were prepared of each chondrite and viewed by scanning electron microscopy (SEM) in order to establish whether fayalite was present. We subsequently focused on the six CV3 chondrites that contained no fayalite: LAP02206, LAP04843, LAP02228, GRA06101, QUE97186, and RBT04143. CV3 oxB samples were present amongst the 10 samples not chosen for further study, and have been previously studied in detail (e.g., Jogo et al., 2010) . The six CV3 chondrites identified above were characterized for their mineralogy and mineral chemistry by electron microscopy and synchrotron radiation X-ray diffraction (S-XRD), which identified that two of these meteorites (QUE97186 and RBT04143) were CV3 red chondrites. Detailed analyses were then carried out on these two primitive meteorites to characterize their mineralogies and oxygen isotopic compositions.
Samples and experimental procedures
We studied polished thin sections of six CV3 carbonaceous chondrites: Lapaz Icefield (LAP) 04843, LAP02228, LAP02206, Graves Nunataks (GRA) 06101, Queen Alexandra Range (QUE) 97186, and Roberts Massif (RBT) 04143. For the detailed petrological and mineralogical analyses, up to six polished sections (w1 mm thick) were prepared from centimeter-sized chips of RBT04143 and QUE97186. One polished thin section of QUE97186 was also prepared for observation under transmitted light to characterize the nature of shock-induced deformation. The polished sections were first examined by reflected light optical microscopy, and then carbon coated, and analyzed with an electron-probe micro-analyzer (EPMA) with wavelength-(WDS) and/or energydispersive spectrometers (EDS) (EPMA/WDS: JEOL JCXAe733 and JEOL JXAe8200) and a field-emission EPMA (FE-EPMA/WDS/EDS: JEOL JXAe8530F and Oxford INCAxeact EDS). Energy-dispersive spectrometry was conducted with an electron beam current of 0.5 nA and at an accelerating voltage of 15 kV during back-scattered electron imagery and semi-quantitative chemical analysis. Wavelength-dispersive spectrometry was performed at 0.5 nA and 15 kV, using four crystal spectrometers, 20 s counting times, and ZAFoxide or ZAF correction procedures for quantitative chemical analysis. Fourteen major elements were quantitatively determined, with detection limits of 0.02 wt% for Al 2 O 3 , K 2 O, CaO, Na 2 O, and MgO; 0.03 wt% for SiO 2 , MnO, SO 3 , P 2 O 5 , Cr 2 O 3 , MnO, and FeO; and 0.04 wt% for TiO 2 and NiO. Natural and synthetic minerals were used as standards to monitor the accuracy and precision of the electron-probe analyses. A detailed description of the procedures for electronprobe microanalysis is given in Nakamura et al. (2011) .
Synchrotron X-ray diffraction analysis was performed on undulator beam line 3A at the Photon Factory in High Energy Accelerator Research Organization using a Gandolfi camera equipped with an X-ray fluorescence detector. X-rays at a wavelength of 2.16 Å were applied to the samples. Small matrix fragments that were approximately 100e200 mm in diameter were separated from the six studied meteorites and analyzed by S-XRD. The average exposure time was 30 min. The detailed experimental procedures used during S-XRD are described in Nakamura et al. (2008) .
Oxygen isotope ratios were measured in olivine from chondrule cores and rims in LAP04843 using a secondary ion mass spectrometer (SIMS CAMECA ims-6f at Tohoku University). San Carlos olivine was used as a standard to correct for instrumental mass fractionation effects. Further details of the methodology for oxygen isotope analyses are described in Akaki and Nakamura (2005) .
Results

LAP02228, LAP02206, LAP04843, and GRA06101
Petrology and mineralogy
The four CV3 chondrites (LAP02228, LAP02206, LAP04843, and GRA06101) all exhibit generally similar textures, and are unbrecciated and contain large (w1 mm diameter) chondrules in a fine-grained matrix. The chondrule/matrix volume ratio is less than 1. All the type I chondrules exhibit extensive FeeMg zoning with Mg-rich cores and Fe-rich rims (Fig. 1AeC) . Given that the Fe/Mg ratios of olivine at the chondrule rims are identical to those of matrix olivine, the extensive zoning can be inferred to have formed during thermal metamorphism on the CV3 parent asteroid. Opaque phases present in the chondrules are magnetite, troilite or pyrrhotite, pentlandite, and taenite. No kamacite was identified in the chondrules (Table 1) . At the margins of some type I porphyritic olivine-pyroxene (POP) chondrules, magnesian low-Ca pyroxene is replaced by Fe-rich olivine ( Fig. 2A and B) . The boundary between Mgrich pyroxene and Fe-rich olivine is sharp and shows no FeeMg zoning ( Fig. 2A and B) . This observation suggests that the Fe-rich olivine is not a primary phase of the chondrule but rather a secondary product formed either by dehydration of Fe-rich phyllosilicates or replacement of Mg-rich pyroxene during fluid-assisted metamorphism (e.g., Krot et al., 2004) . The presence Table 1 Mineralogy of chondrules and matrix in six CV3 chondrites compared with that of reduced, OxA, and OxB subtypes. Brearley (1997) , Choen et al. (1983) , Graham and Lee (1992) , Grashake (1997), Ikeda and Kimura (1995 , Keller and Buseck (1990) , Keller et al. (1994) , Kimura and Ikeda (1995 , Krot et al. (1995 Krot et al. ( , 1997a Krot et al. ( , 1998a Krot et al. ( , 1998b , MacPherson et al. (1985) , Nakamura et al. (1992) , Peck (1985) , Tomeoka and Buseck (1990) , Weisberg et al. (1997). of sulfide blebs on the surface of Fe-rich olivine ( Fig. 2A and B) indicates that the sulfide layer defines the original surface of the chondrule and that the Ferich olivine was a part of the chondrule prior to alteration.
The matrix of the four CV3 chondrites is a porous aggregate of discrete, minute grains comprising mostly olivine. These grains exhibit a lath-like morphology and are typically <1e10 mm in size. The average fayalite content of olivine is approximately Fa 50 with small (w10%) variations (Fig. 3) . Pentlandite is the next most abundant phase in the matrix and ranges in size from 1 to 5 mm. Other minerals present in the matrix are magnetite, taenite, pyrrhotite, high-Ca and -Fe pyroxene, nepheline, and sodalite (Table 1) . S-XRD analysis of the matrix confirmed the results of the electron microscope observations (Fig. 4A ).
Fe enrichment and 16 O depletion in chondrule rims
Oxygen isotope ratios were measured in olivines at the outermost rims and at the cores of four chondrules in LAP04843 (Table 2 ). All these chondrules show extensive FeeMg zoning (Fig. 1AeC) , with olivine rims of Fa 50 and cores of Fa 15 . In addition, Fe-rich olivine extends from the rims of grains into the interior of crystals along grain boundaries and cracks (Fig. 1AeC) , suggesting that Fe diffused along cracks by grain boundary diffusion. Oxygen isotope ratios of olivine cores and rims differ significantly with respect to the carbonaceous chondrite anhydrous mineral (CCAM) line, with a tendency for the rims to be more depleted in 16 O than the cores (Fig. 1D) . The 16 O depletion is even observed in an olivine core that is Ferich, indicating that Fe enrichment and 16 O depletion were produced by the same process.
RBT04143
The meteorite RBT04143 is petrologically and mineralogically distinct from the four meteorites described above, consisting of breccia clasts of variable sizes and mineralogies. Polished surfaces of six thin sections comprising a total investigated area of w5 cm 2 were examined using an electron microscope. The smallest clasts are a fine-grained aggregate (CL1 in Fig. 5A ) and a chondrule (CL4 in Fig. 5A ) surrounded by a discontinuous rim. The largest clast is >1 cm 2 in size and contains chondrules and calciumealuminum-rich inclusions (CAIs) in a finegrained matrix. Fine-grained materials in this meteorite include clasts, rims around chondrules, matrix material within clasts, and interstitial material between clasts. These fine-grained materials show a wide range of textures and compositions. The fayalite content of olivine in these materials shows a wide range, being Fa 0e80 (Fig. 3E) . Some of the fine-grained materials contain abundant platy, crystalline olivine ranging in size from 1 to 20 mm (Fig. 5B) , while others are aggregates of micron or sub-micron sized particles ( Fig. 5C and D) . Major opaque phases present include small (<5 mm) grains of kamacite, taenite, pyrrhotite, and magnetite (in order of decreasing abundance; Table 1 ), although magnetite is abundant in some clasts. S-XRD analysis of the matrix showed that olivine is more abundant than low-Ca pyroxene, and no phyllosilicates were detected (Fig. 4B) .
Given that FeeMg zoning in forsteritic olivine in RBT04143 is largely absent, it can be inferred that chondrules and amoeboid olivine aggregates (AOAs) in RBT04143 have not experienced intensive thermal metamorphism. However, a limited amount of FeeMg zoning (Fo 98e94 ) was observed at the periphery of some AOAs.
Due to the effects of brecciation, many chondrules are fragmented and dispersed throughout the finegrained material. Opaque phases present include kamacite, taenite, pyrrhotite or troilite, and magnetite (in order of decreasing abundance). CAIs typically consist of melilite, diopside, fassaite, and gehlenite. Nepheline and sodalite are both rare in these CAIs.
QUE97186
Chondrules in QUE97186 are flattened with high aspect ratios and exhibit a preferred orientation (Fig. 6A) . In these chondrules, silicate minerals and glass are heavily cracked, and opaque minerals such as kamacite, troilite, and taenite (Table 1) have been deformed or melted to form FeeNieS melts at the margins of some chondrules (Fig. 6B ). Olivine and pyroxene in the chondrules show undulatory and, in some crystals, mosaic extinction with planar deformation fractures (Fig. 6C) . According to the shock classification scheme proposed by Stöffler et al. (1991) , QUE97186 can be classified as an intermediate between S3 and S4. The matrix of QUE97186 is highly compacted and shows a preferred orientation of opaque minerals such as kamacite, pyrrhotite, and taenite (Table 1) in a direction perpendicular to the compaction axis (Fig. 6B) . S-XRD analysis of the matrix indicates that olivine, low-Ca pyroxene, kamacite, and pyrrhotite are the major minerals present, and no high-pressure mineral phases were detected (Fig. 4C) . Matrix olivine shows a considerably narrower range of fayalite content compared with matrix olivine in the other five studied meteorites (Fig. 3F) . Large cracks through the matrix are oriented both perpendicular and parallel to the compaction axis. CAIs consist of melilite, diopside, fassaite, spinel, and perovskite. Nepheline and sodalite are present in some CAIs from QUE97186. 
Discussion
CV3 chondrite subtype classification
The mineralogy of the six studied CV3 chondrites is summarized in Table 1 and compared with typical mineralogies of CV3 oxA , CV3 oxB , and CV3 red chondrites (Brearley, 1997; Choen et al., 1983; Graham and Lee, 1992; Greshake, 1997; Ikeda and Kimura, 1995 Keller and Buseck, 1990; Keller et al., 1994; Kimura and Ikeda, 1995 Krot et al., 1995 Krot et al., , 1997a Krot et al., , 1998a Krot et al., , 1998b MacPherson et al., 1985; Nakamura et al., 1992; Peck, 1985; Tomeoka and Buseck, 1990; Weisberg et al., 1997) . LAP02228, LAP02206, LAP04843, and GRA06101 are mineralogically identical to the CV3 oxA subtype, and are classified as CV3 oxA chondrites. RBT04143 and QUE97186 are classified as CV3 red chondrites because they are mineralogically similar, although not identical, to the CV3 red subtype. RBT04143 and QUE97186 are slightly different to the CV3 red subtype, due to the presence of small amounts of magnetite in these two meteorites. However, the presence of magnetite in RBT04143 could be ascribed to the fact that this meteorite is an agglomerate of a variety of clasts with diverse mineralogies, with some clasts containing abundant magnetite in excess of kamacite. The fine-grained material in RBT04143 exhibits a variety of mineralogies (Fig. 5BeD) , which clearly requires further investigation to elucidate its formation and alteration history.
The four meteorites belonging to the CV3 oxA subtype have experienced thermal metamorphism (Krot et al., 1998a; Weisberg et al., 1997) , which is responsible for the replacement of low-Ca pyroxene by Fe-rich olivine ( Fig. 2A and B) , extensive FeeMg zoning at the periphery of chondrules (Fig. 1AeC) , and 16 O depletion in secondary Fe-rich olivine (Fig. 1AeC) at the rims of chondrules (Fig. 1D) . As shown in Fig. 1AeC , olivine inside chondrules also shows FeeMg zoning, which indicates FeeMg diffusion took place within the chondrules. At the edge or outermost parts of chondrules, Fe-rich regions extend from the chondrule surface to the chondrule interior with a constant thickness, which again reflects Fe migration from the matrix. However, in some places, at the surfaces of chondrule, lath-shaped Fe-rich olivine crystals have crystallized at the surface, which implies that overgrowth of forsteritic olivine may have occurred. Although the rims could have formed by replacement of forsteritic olivine or by overgrowth of forsteritic olivine, as proposed by Krot et al. (2004) , formation of Fe-rich chondrule rims (Fig. 1) was mainly controlled by FeeMg diffusion in olivine. The 16 O depletion at the chondrule rims suggests that, in addition to FeeMg diffusion, isotopic exchange between 16 O-rich and light oxygen in chondrules, and 16 O-poor and heavy oxygen in the matrix has occurred during thermal metamorphism. The ubiquitous presence of pentlandite in the four thermally metamorphosed CV3 chondrites suggests that metamorphism took place at temperatures between 200 and 610 C, which is in the pentlandite stability field (Etschmann et al., 2004) .
Shock metamorphism in QUE97186
4.2.1. Estimation of shock pressure and temperature
The deformation texture in the CV3 red chondrite QUE97186 is similar to that in the CV3 red chondrite Leoville (Nakamura et al., 1992; Scott et al., 1992) . The preferred orientation of chondrules perpendicular to the compaction axis indicates that QUE97186 has experienced impact shock in the parent asteroid. The aspect ratios of 10 chondrules (i.e., the long axis divided by the short axis measured perpendicular to the long axis) yield a mean aspect ratio of 1.59 AE 0.15. When compared with the mean aspect ratios of flattened chondrules in the CV3 chondrite Allende that were experimentally shocked (Nakamura et al., 1995 (Nakamura et al., , 2000 , the aspect ratio of chondrules in QUE97186 is similar to those of Allende shocked at 21 GPa (1.62 AE 0.22). This result suggests that the shock pressure of the impact on the parent body of QUE97186 was w20 GPa.
FeeNieS melt was generated on the outer parts of some chondrules in QUE97186 by this shock-induced heating, indicating that the temperature exceeded the FeeFeS eutectic melting point of 988 C. However, small olivine crystals were not melted in these regions of the chondrules. The fayalite content of matrix olivine in this meteorite has a narrow range (Fig. 3F) , suggesting that the Fe/Mg ratios of olivine were homogenized at high temperatures after the shock event. Such shock melting is not observed in Leoville (Nakamura et al., 1992) , indicating that the shock intensity experienced by QUE97186 was higher than that experienced by Leoville.
Spatial scale of the shock heating region
FeeMg homogenization observed in matrix olivines from QUE97186 was caused by diffusion during or shortly after a collisional event on its parent body. We model the FeeMg inter-diffusion with the Arrheniustype temperature dependent equation:
where D 0 is the pre-exponential factor, E a is the activation energy of diffusion, R is the gas constant, and T is temperature. Assuming that the shocked region was heated up to the peak temperature (T P ) immediately after the shock event and then cooled at a constant rate of R c , the diffusion length of FeeMg inter-diffusion can be evaluated as follows (Yurimoto and Wasson, 2002 ):
where t 0 ¼ RT 2 P =ðE a R c Þ is the effective time for diffusion. The FeeMg distribution of matrix olivines will be homogenized when the diffusion length is much greater than the olivine grain size (w1 mm).
FeeMg inter-diffusion will occur both in the olivine lattice and at grain boundaries. The effective diffusion coefficient was given by Balluffi et al. (2005) and Demouchy (2010) :
where D L and D GB are diffusion coefficients for lattice and grain boundary diffusions, respectively; d is the grain size (1 mm); and d is the grain boundary width. It is difficult to determine d precisely because it is dependent on numerous factors. Here, we adopt d ¼ 3 nm as measured by high-resolution transmission electron microscopy observation of forsterite aggregates (Farver and Yund, 1994) . For the lattice diffusion coefficient, we adopt the experimental relationship established for FeeMg inter-diffusion in olivine in the [001] direction (Dohmen et al., 2007) :
There are no detailed experimental data for FeeMg inter-diffusion at grain boundaries, so we developed a simple model for grain boundary diffusion as follows. The activation energy for grain boundary diffusion is generally smaller than that of lattice diffusion (e.g., E GB a =E L a z0:4 À 0:6 for metals; Mishin and Herzig, 1999) . The grain boundary diffusion coefficient is about 4e6 orders of magnitude larger than that for lattice diffusion, as reported in previous studies, including self-diffusion in metals (Mishin and Herzig, 1999) , Mg grain boundary diffusion in forsterite aggregates (Farver and Yund, 1994) , and FeeMg inter-diffusion in wadsleyite (Kubo et al., 2004) . The large difference between the two types of diffusion coefficients is mainly controlled by the difference in the activation energies, while the preexponential factors are comparable in both cases (Mishin and Herzig, 1999) . Based on the above constraints, we used the following parameterization for grain boundary diffusion:
a is the ratio of the activation energy of grain boundary diffusion to that of lattice diffusion. Fig. 7A shows the diffusion coefficients given by Eqs. (4) and (5) as a function of temperature. D GB is about 4 orders of magnitude larger than D L at a temperature of 1000 C when a ¼ 0.5. Fig. 7B shows the diffusion length x D calculated by Eq. (2) when only lattice diffusion (solid curve) or grain boundary diffusion (dashed curve) is taken into account. In the white region labeled 'A' in Fig. 7B , FeeMg inter-diffusion barely occurs over length scales of 1 mm, even by grain boundary diffusion. In the light gray region labeled 'B', FeeMg interdiffusion will take place over 1 mm length scales through grain boundary diffusion, but it will not occur inside micron-sized matrix olivine grains by lattice diffusion. In the dark gray region labeled 'C', FeeMg inter-diffusion will occur completely inside micronsized matrix olivine grains by lattice diffusion. The FeeMg distribution of matrix olivine in QUE97186 is more restricted than in RBT04143, which does not appear to have been homogenized completely. Therefore, the thermal history of the QUE97186 parent body should correspond to region B in Fig. 7B . The size of the shocked region on its parent body can be constrained in the following way. The shocked region is heated up to a peak temperature T P , and then gradually cools by thermal diffusion to adjacent unshocked regions of the parent body. The timescale for thermal diffusion is given by t diff z L 2 /l, where L is the size of the shocked region and l is the thermal diffusivity. The cooling rate R c can therefore be calculated as:
The thermal diffusivity of carbonaceous chondrite material is l z 10 À6 m 2 s À1 (Yomogida and Matsui, 1983) . The horizontal upper axis in Fig. 7B shows the size of the shocked region (L) calculated by Eq. (6) assuming T p ¼ 1000 C. If L >> 1 m, the FeeMg distribution of matrix olivines should be homogenized completely because of the slow rate of cooling. Conversely, if L << 0.1 m, the distribution will be unaltered, as is the case for RBT04143. Therefore, we conclude that the size of the shock-heated region on the parent body of QUE97186 was w1 m, and was clearly a strongly localized event.
Conclusions
We have characterized the mineralogy of six CV3 chondrites and classified four meteorites (LAP02228, LAP02206, LAP04843, and GRA06101) as CV3 oxA chondrites, and two meteorites (RBT04143 and QUE97186) as CV3 red chondrites. RBT04143 exhibits the most primitive mineralogy, while QUE97186 has experienced a shock event at pressures of w20 GPa on its parent asteroid. The impact heated a local area of the asteroid up to temperatures as high as 1000 C, and the spatial scale of the shock heated region is estimated to be w1 m, based on the degree of FeeMg homogenization of matrix olivines in QUE97186.
